Future Internet of Things (IoT) has high demand for energy-saving communications, especially in remote areas and smart cities. To meet this demand, we propose novel unmanned aerial vehicle-assisted backscatter communications, where a UAV first collects data from multiple terrestrial backscattering tags via time-division multiple access and then flies into the coverage region of a terrestrial base station to upload its collected data to its associated base station. To determine the optimal UAV data collection location, we first analyze the system average outage probability and then optimize the energy efficiency with the optimal backscattering location through the Golden Section method under UAV energy constraint. Our analytical and simulation results illustrate that there is a tradeoff between the UAV data collection location and the outage probability, and the optimal UAV data collection location to achieve maximum energy efficiency needs to be closer to the tags for lower UAV transmit power.
Vehicles (UAVs) are more attractive to provide wireless connectivity [7] , especially for applications in remote areas and restricted regions, such as intelligent agriculture in large farms and fauna and flora protection in national parks [8] . In these scenarios, UAVs can act as information collectors and uploaders from IoT devices to the nearest base station (BS), while powering the IoT nodes simultaneously. A UAV-based prototype wireless power transfer (WPT)-BS in [9] demonstrated the ability of UAVs both as the WPT and communication platforms. Besides, the UAV relay location [10] and the UAV power consumption [11] , [12] for energy efficiency communications can be optimized.
Motivated by above, the mobility of the UAV can be optimized compared with backscattering communications at fixed locations to investigate the optimal system performance. We propose a UAV-assisted backscatter communications, which combines the advantages of both UAVs and backscattering communications. A UAV acts as a data collector from multiple terrestrial backscattering tags via time division multiple access (TDMA). Then the UAV deposits the collected data into a far-away BS after a period of flight. We first analyze the outage probability of this UAV-assisted backscatter communication, and then optimize the UAV data collection location for maximum energy efficiency under UAV energy constraint. Our results show that lower UAV transmit power leads to closer UAV data collection location to the tags so as to decrease the outage probability and improve the energy efficiency.
The rest of the letter is organized as below. Section II describes the system model, and then provides analysis of the system average outage probability. The UAV data collection location is optimized to achieve maximum energy efficiency in Section III, and validated via simulation in Section IV. Conclusions are drawn in Section V.
Notation: A modified incomplete gamma function is
the Gamma function. f A (x) and F A (x) denotes a probability density function (PDF) of A, and the corresponding cumulative distribution function (CDF), respectively.
II. SYSTEM MODEL AND OUTAGE PROBABILITY

A. System Model
As illustrated in Fig. 1 , we consider a UAV-assisted backscatter communication system, where a UAV with the limited total energy E total collects data from M terrestrial tags. We assume that these tags U m (1 ≤ m ≤ M ) are randomly scattered with uniform distribution within a range of 20 meters. The entire operation consists of three stages: information collection via backscattering communications, UAV flight to nearby BS, and UAV uplink information to BS.
The backscatter communication period T B is equally divided into M time slots, and the time sequence is given. Each terrestrial tag U m at (x U m , 0) is chosen one slot to delivery their collected information to the UAV via backscattering. In the other M − 1 time slots, the tag only harvests energy. The UAV hovers at (x 1 , h) to collect data with its fixed transmit power P V from the backscattering tags via TDMA. As shown in Fig. 1 , the distance between the UAV data collection location and the m-th terrestrial tag is
After collecting the data from all the tags, the UAV flies to the location (x 2 , h) near a BS at location (x B , 0) with a flight duration T F using a constant velocity of v. In the uploading duration T U , the UAV uploads collected data to the BS. As shown in Fig. 1 , the distance for uploading from the
. Let us use VB to represent UAV to BS and VU m to represent UAV to tag U m , and denote a ∈ {VB, VU m } and b ∈ {LoS, NLoS}. We assume that all the channels are Nakagami-m fading channels (i.i.d) with shape factor k a,b , which is a generalized channel model [13] . Therefore, the PDF of the channel power gain |g a,b | 2 follows Gamma distribution,
where Ω represents the mean value, i.e. Ω = ωβ 0 d −α a if path loss is considered, where the path loss exponent α = 2 [14] , ω = 1 for LoS propagation and ω = β a for NLoS propagation, and β 0 denotes the channel power gain at the reference distance d 0 = 1m. In addition, the line-of-sight (LoS) probability [15] is given as
where c and q are constant values depending on the environment. Accordingly, non line-of-sight (NLoS) probability is
We assume the UAV works in a full duplex mode. 1 Within the m-th time slot of the backscattering duration, considering a discrete-time signal model in the baseband, the received signal at the UAV is given by [16] , where s 1 is the signal transmitted by the UAV, s 3 is the tag's information signal, n V denotes the additive white Gaussian noise (AWGN) with its power σ 2 V at the UAV, n U m denotes the AWGN with its power σ 2 Um at the tag U m . Besides, the received power at the UAV is given by
Therefore, its signal-to-noiseratio (SNR) can be derived as
where β R is the fraction of reflected power. By the end of M time slots, the total data collected by UAV
where R m and R U are the information rate of the m-th tag and the UAV, respectively. In addition, γ m th Δ = 2 Rm − 1 and γ U th Δ = 2 RU − 1 are the SNR thresholds corresponding to their Shannon capacity per Hz. Besides, the signal from the UAV to the BS can be characterized by y VB = √ P V · g VB · s 2 + n B , where s 2 is the transmit signal from the UAV and n B is the additive white Gaussian noise of uploading channel with its power σ B 2 . Thus, the SNR of the UAV-BS signal can be written as
B. Energy Outage Probability
For the m-th terrestrial tag U m , the total energy received from the UAV consists of the energy received during backscattering single time slot and the energy harvested during other M − 1 time slot, which can be given as
where β R is the fraction of reflected power in the backscattering period, and β C is the circuit conversion efficiency [1] , [2] . The energy outage events occur if the energy received by the m-th terrestrial tag from the UAV ε m in Eq. (6) is less than the circuit power loss during the backscattering time slot, which can be formulated as P E,m = Pr(ε m < TB M P C ), where P C is the circuit power loss at each terrestrial tag.
Lemma 1 (Energy Outage Probability):
The energy outage probability of the m-th tag can be derived as
where p VUm ,LOS and p VUm,NLOS are given in Eq.
(2) and Eq. (3), respectively. Proof: See Appendix. A.
C. System Average Outage Probability
Note that there are two main factors causing information outage, which are the energy outage, and that the SNR of the backscattered signals at the UAV to the BS is lower than a given threshold. Thus, the outage probability between the m-th tag and the BS can be defined as
where P E,m is given in Eq. (7) in Lemma 1. Meanwhile, the system average outage probability can be defined as
Then, by substituting Eq. (7), Eq. (14) with x = γ m th and Eq. (15) with x = γ U th into Eq. (8), the system average outage probability is finally derived in the following theorem.
Theorem 1 (The System Average Outage Probability): The closed-form expression for the system average outage probability of the UAV-assisted backscattering communications in Nakagami-m fading is derived as
with p a,b given in Eq. (2) 
III. UAV DATA COLLECTION LOCATION OPTIMIZATION
The average capacity of the proposed system
with total energy cost of
where P F is the consumed power of UAV during fly. Thus, the optimization problem of energy efficiency under energy constraint can be formulated as
The problem (11) can be rewritten as
Due to the complexity of P in,m (x 1 ), the first-and the second-order derivatives cannot be derived readily. Thus, one-dimensional linear searching method is utilized. We first derive the feasible region
Then, the search region of one-dimensional linear searching method to find the optimal solution of β en (x 1 ) in the problem (12) is
Golden Section Method is used to find the optimal solution x * 1 of Problem (12) within the aforementioned searching region [18] . Due to the limit of the space of the letter, we do not give the details.
IV. SIMULATION RESULTS
In this section, we validate our derived analytical expressions and conduct performance analysis based on numerical simulations with the following parameters: M = 3; P C = 0.001W; β R = 0.5; β C = 0.5; β VB = 0.5; β VU m = 0.5; h = 50m; v = 10m/s, which are common assumptions in previously reported works. Other parameters are set as follows: T U = 1s; T B = 1s; x 2 = 300; x B = 500; c = 11.95; q = 0.136; σ 2 Um = σ 2 V = 10 −9 W; P F = 100W; R m = 1; β 0 = 1. The shape-factor k a,b is 2. Fig. 2 plots the impact of UAV data collection location on the system average outage probability P in given in Eq. (10) Fig. 3 . Energy efficiency optimization with different variables. and the outage probability of each tag P in,m given in Eq. (8) . We see that the theoretical results match well with the Monte-Carlo simulations. It is obvious that the problem in Eq. (10) is convex, and there exists an optimal collection location leading to a minimum outage probability. The terrestrial tag with larger backscattering distance to the UAV suffers higher outage probability. Fig. 3 plots the energy efficiency of the UAV versus (v.s.) its data collection locations and its transmit power. We can observe from Fig. 3 (a) that higher UAV transmit power leads to closer UAV data collection location to the BS, and lower flight energy consumed by the UAV, contributing to enhanced energy efficiency. In addition, higher transmit power leads to lower average information outage probability, which also contributes to improved energy efficiency. Meanwhile, we can observe from Fig. 3(b) that there is an optimal transmit power leading to the maximum energy efficiency. However, the optimal transmit power on board should be feasible.
V. CONCLUSION
In this letter, a UAV-assisted backscatter communications via TDMA was studied, where a UAV acts as a data collector from multiple terrestrial backscattering tags. We derived the closed-form expression of the system average outage probability, and optimized the UAV data collection location under the energy constraint in order to achieve maximum energy efficiency. Simulation results verified our derived analysis and illustrated that there is a tradeoff between the UAV data collection location and the energy efficiency.
APPENDIX A ENERGY OUTAGE PROBABILITY
Proof The energy outage probability can be formulated as PC ω(m−ηR)ηCPV ) can be both calculated by the CDF corresponding to the PDF in Eq. (1), respectively. This completes the proof of Eq. (7) .
Note that γ U m V is given in Eq. (4), thus the CDF of γ U m V can be derived as
where Pr( g = p VB,LOS · Γ(k VB,LOS ,
This completes the proof.
